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ABSTRACT

ISOLATION AND CHARACTERIZATION OF SLF GENES FROM A BAC LIBRARY
REPRESENTING THE S-LOCUS OF PETUNIA AXILLARIS

Allison Makuec, M.S.
Department of Biological Sciences
Northern Illinois University, 2016
Barrie Bode, Director

Gametophytic self-incompatibility is the biochemical process in which plants can
recognize their own (self) pollen, therefore rejecting it while accepting pollen of another plant
(non-self) of the same species. This mechanism is governed by two genes that encode for pollenrecognition (pollen-S) and style-recognition (pistil-S) components which are more commonly
known as SLF and S-RNase respectively. These genes are closely linked on the large,
multiallelic S-locus and and are, therefore, considered haplotypes of each other. When one of the
SLF variants expressed in the haploid pollen matches the haplotype of the S-RNase in the diploid
pistil tissue, rejection occurs through SR-Nase activity. If there is no match between the two
haplotypes, SR-Nase is ubiquinated and the pollen can grow and fertilization occurs.
In this research, SLF and S-RNase found in Petunia axillaris were studied to help gain an
understanding in this process. One place to start is gathering more information on the S-Locus,
since these genes are known to all be located there. It is estimated that the S-Locus, which is at
least 8 MB in length, is known to house at least 118 genes. Although the organization of the Slocus is unique in that it is suppressed for recombination the entire S-locus has never been cloned
or assembled. By establishing gene content, gene order, and linkage of the S-locus of P. axillaris,

comparisons can be made between this self-compatible plant and self-incompatible plants of
other species in the Solanaceae. This will aid in a better understanding of all the underlying
mechanisms of GSI and will help in finding out how all the genes and their proteins involved in
self-incompatibility interact at a molecular level.
A combination of having the published genome for Petunia axillaris, together with a 5X BAC
library for the sequenced line gives us the resources to assemble an entire S-locus for the first
time. In this research, use of BAC library screening has determined that four different BAC
clones house multiple SLF genes that show up on different scaffolds on the published genome.
These results show that the scaffolds that house the SLF genes are near each other. In the future,
these results can be used along with BAC-end sequencing and sequence alignment to the current
P. axillaris genome to assemble a complete S-locus.
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1. INTRODUCTION

Plants are sessile organisms that usually contain both male and female reproductive organs.
To reduce self-fertilization and encourage outcrossing so as to maintain genetic diversity in
populations many plants have created a mechanism called self-incompatibility. This
phenomenon, has been widely studied since Darwin first described it in his book The Effects of
Cross and Self Fertilisation in The Vegetable Kingdom (Darwin, 1891). Gametophytic selfincompatibility (GSI) is the biochemical process that plants have evolved in which they can
recognize their own (self) pollen, therefore rejecting it while accepting pollen of another plant
(non-self) of the same species (de Nettancourt, 1977; Pandey, 1960; Sims & Robbins, 2009).
The two main genes involved in GSI that encode for both pollen-recognition and stylerecognition components are pollen-S and pistil-S respectively (Huang, Lee, Karunanandaa, &
Kao, 1994; Lai et al., 2002; Sijacic et al., 2004). These genes are closely linked on the large,
multiallelic S-locus and are known to be inherited together due to recombination being
suppressed (A. G. Clark & Kao, 1991). Both genes have multiple alleles that interact with each
other establishing the basis of self-compatibility. When the haploid pollen expresses a matching
haplotype of the diploid pistil tissue, this results in rejection of the pollen; whereas if the two
haplotypes are different, the pollen is accepted and fertilization occurs.
GSI has been observed in approximately half of all angiosperms, and can be found in the
families Papaveraceae (Papaver rhoeas, field poppy), Rosaceae (Pyrus serotina, Japanese pear;
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Prunus avium, cherry), Onagraceae (Oenothera organensis, evening primrose), and Solanaceae
among others (de Nettancourt, 1977; Igic, Kohn, & Kalisz, 2006; Newbigin, Anderson, &
Clarke, 1993). Since GSI is so widely distributed, studies have been done on many different
families of angiosperms and have contributed to our understanding of this mechanism. The
Solanaceae family, which includes ornamental tobacco (Nicotiana alata), eggplant (Solanum
melongena), peppers (genus Capsicum), petunia (Petunia inflata, P. axillaris, P. hybrida), potato
(Solanum tuberosum and Solanum chacoense), and wild tomato (Lycopersicon peruvianum), has
been one of the most extensively studied. Species of Petunia have played a major role in
advancement of the understanding of GSI. Both P. inflata and P. hybrida are known to be totally
self-incompatible, but studies have shown a breakdown of the self-incompatibility of P. axillaris
causing some populations to become self-compatible (Kokubun et al., 2006; Tsukamoto, 2003).
Also, the S1-RNase variant from P. hybrida and the Saxi1-RNase from compatible P. axillaris
have been found to be 100% identical (Malla, Sims, Robbins, & Qi, Unpublished). The
knowledge of the S-locus being suppressed for recombination means that the entire S-locus of
the self-incompatible P. hybrida is inherited from the self-compatible P. axillaris. Essentially,
both species have the same genotype, yet display different phenotypes. With the Petunia genome
being recently published, it is now possible to assemble and characterize a complete S-locus
(Bombarely et al., 2016). Establishing gene content, gene order, and linkage of the S-locus of P.
axillaris will give a better understanding of why some plants are compatible while other are not.
This will also help in finding out how all the genes and their proteins involved in selfincompatibility interact at a molecular level and if there are other proteins involved that may not
have been discovered. Lastly, a fully annotated S-locus will aid in the comprehension of the
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underlying mechanisms of GSI, which affects agronomists in agriculture and in ornamental plant
breeding.

1.1 Mechanism of GSI
There are over 250,000 known species of angiosperms and gametophytic self
incompatibility (GSI) has been observed in over 50% of these species (de Nettancourt, 1977;
Hamilton & Hamilton, 2013; Igic et al., 2006). GSI is a pre-zygotic barrier found in plants that
prevents inbreeding of two plants of same species through interactions of two proteins, a styleexpressed component and a pollen-expressed component. The two main genes for these
components are pollen-S which encodes for an S-locus F-box protein (SLF) and pistil-S which
encodes for S-locus Ribonuclease (S-RNase) (Lai et al., 2002; McClure et al., 1989). The genes
are found to be tightly linked on the multiallelic S-locus (Fig. 1) and are therefore considered to
be haplotypes of each other. When there is a match between the two haplotypes, rejection occurs.
If there is no match, the pollen tube grows normally down to the ovary so fertilization can take
place.

Figure 1: Representation of the multiallelic S-Locus (Sims, unpublished).
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During pollination, a haploid pollen grain lands the on the stigmatic tissue of the pistil
(Silva & Goring, 2001). Adhesion and hydration will occur, allowing for the pollen tube to
emerge and grow down into the transmitting tract (Dresselhaus & Franklin-Tong, 2013;
Franklin-Tong & Franklin, 2003; Newbigin et al., 1993). In gametophytic self incompatibility,
the diploid pistil tissue expresses both phenotypes of S-RNases in high concentrations
throughout the transmitting tract of the mature style. Both “self” and “non-self” variants of SRNase are transported into the pollen tube (via an as yet unknown mechanism) where they come
into contact with the SLF variant expressed by the pollen ( Sims & Ordanic, 2001; Williams,
Wu, Li, Sun, & Kao, 2015). GSI in Solanaceae has been called a non-self recognition system
because rejection only occurs when the two haplotypes are different. For example, in an
incompatible pollination, it is proposed that when SLF and S-RNase have the same haplotype
they do not interact, therefore pollen tube growth is inhibited through RNase activity (Fig. 2)

Figure 2: Genetic basis of Gametophytic Self Incompatibility representing three
different pollinations (Markov, N.D). The left shows an incompatible pollination. The
haplotypes of S1S2 in the pollen match the S1S2 haplotypes in the pistil. The middle
shows a partial incompatible pollination. The S1 of the S1S2 haplotype matches with
the S1S2 in the pistil, where the S3 being “non-self” allows for the pollen tube to grow.
The right shows a fully compatible pollination. Neither haplotype of S4S5 matches the
haplotype S1S2 of the pistil and both pollen tubes grow down to fertilize the ovules.
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(Williams et al., 2015). Whereas, in a compatible pollination, a “non-self” S-RNase makes its
way into the pollen tube, it is recognized by the SLF with a different haplotype and is targeted
for degradation by the 26S proteasome. The pollen tube is then able to grow down to the ovary
and fertilization occurs.

1.2 The S-Locus
Evidence that self-incompatibility was controlled by one specific locus was originally
determined through a series of experiments in the 1950’s and 1960’s (Kamla K. Pandey, 1968).
Since then, the S-Locus has been shown to house the two major genes involved in gametophytic
self-incompatibility. The highly polymorphic S-Locus for Petunia axillaris is estimated to be
approximately 8 Mb in length if not longer and is known to house at least 118 genes. One variant
of the female style-recognition component, S-RNase, and 20 known variants of the male pollenrecognition component, S-locus F-box (SLF) lie on the S-Locus and can be found on thirteen
different scaffolds among the published sequences of P. axillaris (Bombarely et al., 2016; Lee,
Huang, & Kao, 1994; Malla et al., Unpublished). In P. axillaris S-RNase and SLF10 have been
estimated to be approximately 186 Kb apart on Scaffold 326; nine variants are linked among
three different scaffolds 671, 326, and 172; and nine variants are located on their own scaffolds
(Fig. 3) (Bombarely et al., 2016; “Sol Genomics Network,” 2016). To date, less than ten
different S-haplotypes have been reported in cultivated P. hybrida, yet as many as 40 Shaplotypes have been found in natural populations (T. L. Sims & Robbins, 2009; Tsukamoto,
2003).
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Figure 3: S-Locus linkage groups in Petunia axillaris N (Malla, unpublished). A schematic representation
of linked SLF genes found on the same scaffolds. Individual scaffolds are numbered with the identity and
orientation of different SLF variants found on the scaffolds shown by arrowheads. Depiction of the size of
individual SLF variants is not to scale. Approximate distances between SLF variants is depicted by the
scale at the top of the figure. Only that portion of individual scaffolds containing SLF variants is shown.

In searching for more information on the polymorphism of the S-Locus, many different
studies have been done to try and determine its exact location. ten Hoopen, Harbord, Maes,
Nanninga, & Robbins (1998) determined that the S-locus was located near the centromere of
Chromosome III in P. hybrida (n=7) using fluorescence in situ hybridization (FISH) localization
of T-DNA inserts known to be found on the S-locus and Restriction Fragment Length
Polymorphisms (RFLP) (Harbord, Napoli, & Robbins, 2000). These results were validated when
Entani et al. (1999) placed the S-locus in the same place also using FISH, but localized to an SRNase. However, when Strommer, Gerats, Sanago, & Molnar (2000) used a VR hybrid mapping
strategy, they mapped the S-RNase gene to chromosome IV. Even though these studies
contradicted each other, more recent studies have concluded that the S-Locus is located near the
centromere of Chromosome III (Malla et al., Unpublished).
Many previous studies have noted that recombination tends to be greatly reduced in
chromosomal regions located near centromeres (Espeso, Cobeño, & Arst, 2005; Round, Flowers,
& Richards, 1997). Other studies have identified that regions high in retrotransposons also tend
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to have lower rates of recombination (Johansen & Cam, 2015; Lorenz et al., 2012). These studies
established findings that show that S-Locus organization is unique, in that it is suppressed for
recombination and located in a region rich in retrotransposons (A. G. Clark & Kao, 1991; Lai et
al., 2002).
1.3 SLF: The Pollen-Recognition component
S-locus proteins belong to a family of proteins called the F-Box proteins. F-box proteins
are a class that display specificity for targeting specific proteins for degradation by the 26S
proteasome and are understood to be part of the SCFSLF E3 Ubiquitin Ligase complex. The SLF
found in P. axillaris have a median size of 388 amino acids and a single SLF protein contains
two domains (Malla et al., Unpublished). A highly conserved F-box domain is located near the
N-terminal and is approximately 50 amino acids in length (Fig 5) (Lai et al., 2002; Williams et
al., 2015). It is used to bind the SLF protein to the SCFSLF complex through the S-Locus Skp1like protein (SSK1) (Kipreos & Pagano, 2000). The C-terminal, where SLF interacts with SRNase, has been found to have four domains (Fig 4). However, the conservation of those
domains varies between haplotypes (Wang et al., 2004). SLF variants that interact with the same
R-NAses have a high conservation within these domains, but are highly dissimilar from those
that do not (Williams et al., 2015).

Figure 4: Schematic rendering of domains within the SLF protein (Sims, unpublished).
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B

Figure 5: Conservation among the N-terminal regions of F-Box proteins. A) Amino acid residues in the F-box
domain that are conserved among 34 S-locus F-box proteins (SLFs), S2-SLFLike1, S3-SLFLike1 and four nonSLF F-box proteins, but are divergent among 10 non-SLF F-box proteins, of P. inflata (Li et al., 2016). The
eight conserved amino acid residues are shown as gray dots, and their corresponding symbols are placed above.
B) Alignment of the predicted polypeptide sequences from the SLF in Antirrhinum and known F-box proteins
from Rice (Lai et al., 2002). This shows how the F-box is highly conserved throughout the Plant kingdom.

Multiple SLF genes have been reported in both P. inflata and P. axillaris. According to
Malla (unpublished) there are 29 SLF variants in P. inflata and 20 SLF variants in P. axillaris.
The collaborative model predicts that multiple SLF variants are produced by each pollen grain of
a single haplotype and these variants work together to mediate ubiquitination of “non-self” RNase (Li, Williams, Sun, & Kao, 2016). Having multiple alleles for SLF genes for a single
pollen-S haplotype is advantageous, as it increases the number of partners from which a single
plant can accept pollen. This allows the pollen to target more non-self S-RNases, in turn
increasing diversity (Kubo et al., 2015). As the GSI is a model of a non-self recognition system,
each SLF allelic product recognizes and degrades all S-RNases except for itself. This model has
been substantiated through studies of pairwise relationships between SLFs 1, 4, 5, 6, and 8 of the
S2 and S3 haplotypes against a range of S-RNase haplotypes (Sijacic et al., 2004; Sun & Kao,
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2013). These studies demonstrated how different SLF variants of a single haplotype recognize SRNase of different haplotypes and how the variants work in a collaborative fashion (Fig.
6)(Williams et al., 2014). In fact, S2-SLF1 was shown to interact with the most S-RNase
haplotypes, at four. Therefore, all it takes are two of the SLF variants to mediate the degradation
of all non-self S-RNases, allowing for a compatible pollination to take place (Kubo et al., 2010).

Figure 6: Summary of pairwise relationships between SLF variants in S2 and S3 haplotypes
(Williams et al., 2014). Each SLF is listed on the top of the circles while the S-RNase
haplotypes are listed along the arc. Solid arrows show interactions while dashed lines indicates
no interactions.

1.4 S-RNase: The Pistil-Recognition Component
Pistil-S proteins were first discovered to be glycoproteins and in 1989, McClure et al.
observed sequence homology between S-glycoproteins found in Aspergillus oryzae to
extracellular R-Nases from Rhizopus niveus. McClure went on to demonstrate that these Sglycoproteins had inherent R-Nase activity and were involved in the degradation of pollen tubes
during self-incompatible pollinations in Nicotiana alata (McClure, Gray, Anderson, & Clarke,
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1990). Similar S-glycoproteins in both P. inflata (K. R. Clark, Okuley, Collins, & Sims, 1990)
and P. hybrida (Ai et al., 1990) were reported shortly after. These studies led to calling the Sglycoprotein S-RNase.
As an S-locus encoded ribonuclease, S-RNase has catalytic properties to degrade pollen
rRNA and arrest pollen tube growth during an incompatible pollination (McClure et al., 1990).
The S-RNase gene produces a protein that is highly expressed near the top of the mature pistil to
confirm interactions with the pollen tube will occur (K. R. Clark et al., 1990). The S-RNase
found in P. axillaris is 222 amino acids in length and contains five highly conserved domains
and two hypervariable domains (Fig. 7) (Ioerger, Gohlke, Xu, & Kao, 1991; Malla et al.,
Unpublished; Matton et al., 1997). Three of the conserved regions C1, C4, and C5 appear to be
involved in stabilization of the tertiary structure of the protein and regions C2 and C3 contain
histidine residues essential for catalytic activity (Ida et al., 2001; Soulard, Qin, Boivin, Morse, &
Cappadocia, 2013). C2 has also been to shown to have a glycosylation site near the N-terminus,
except for P. hybrida and P. axillaris this glycosylation site is found in the C-terminus (K. R.
Clark et al., 1990; Ida et al., 2001; Ishimizu, Shinkawa, Sakiyama, & Norioka, 1998). However,
the carbohydrate group does not appear to be essential for self-incompatibility, as removal of the
glycosylation site has no effect on the ability of a S-RNase to reject self pollen (Broothaerts,
Vanvinckenroye, Decock, Damme, & Vendrig, 1991; S. Huang et al., 1994; Soulard et al., 2013).
HVa and HVb have been found to be extremely hydrophilic and the current model states that
these domains are the recognition sites of non-self pollen (Ioerger et al., 1991; Matton et al.,
1997).
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Figure 7: Conserved and hypervariable regions of S-RNase among 18 Solanaceae. A) Amino Acid
alignment plot. Middle dashed line represents the average similarities. Above the line represents
conserved amino acids, whereas below the line represents variable regions. The two hypervariable
regions are listed as HVa and HVb. B) Schematic rendering of domains within the S-RNase protein.

1.5 SCFSLF E3 Ubiquitin Ligase complex
As stated above, the two core genes, S-RNase and SLF have been identified as pistil-S
and pollen-S. It is the current understanding that SLF variants in heteroallelic pollen recognize
and target “non-self” S-RNase for degradation. However, for this to occur properly, it has been
proposed that SLF is an E3 Ubiquitin-protein Ligase involved in a larger complex called the
SCFSLF E3 Ubiquitin Ligase complex (Fig. 8). An E3 ligase is the last step of a three-enzyme
cascade ending in the degradation of a targeted protein by the 26S proteasome. During this
polyubiquitination reaction, a highly conserved (E1) ubiquitin-activating protein recruits an (E2)
ubiquitin conjugation enzyme. The (E3) ubiquitin-ligase protein, bound to both the E1 and E2,
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locates its target and mediates a transfer of ubiquitination from the E2 to the substrate (Risseeuw
et al., 2003; Zheng et al., 2002). Interaction studies have determined that, in Solanaceae, this
complex is composed of the four different proteins; one or more SLF proteins, the Skp1-like
protein (SSK1), either an Rbx1 or SBP1 RING-domain protein, and a Cullin protein (Zhao et al.,
2010; Meng et al., 2011; Sims, 2012; Li et al., 2014).

Figure 8: Schematic rendering of SCFSLF E3 Ubiquitin Ligase complex

1.5.1 SBP1: Pollen expressed S-RNase-binding Protein
Sims & Ordanic (2001) while screening a yeast two-hybrid library of mature Petunia
hybrida pollen for what is now known as SLF, ended up binding a RING-finger protein to the Nterminal of a P. hybrida S-RNase, which they named PhSBP1. The fact that the RING-finger
domain is known to be located near C-terminal, suggests that SBP1 is an E3 ubiquitin ligase (Fig
9) (Sims & Ordanic, 2001). This was shown to ubiquitinate S-RNase in vitro in a number of
studies, which suggested that it functions as an E3 ligase in vivo (Hua & Kao, 2008; Kerscher,
Felberbaum, & Hochstrasser, 2006). However, it did not appear to have S-haplotype specificity
and was not encoded on the S-locus (O’Brien, Major, Chantha, & Matton, 2004; Thomas L. Sims
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& Ordanic, 2001). In doing multiple interaction studies, Qi (2015) confirmed that SLF and SBP1
interact and work in collaboration with SBP1 facilitating the transfer of the E2 ubiquitin enzyme
to S-RNase.

Figure 9: Schematic rendering of SBP1 Protein

1.5.2 SSK1: SLF interacting, Skp1 like Protein
SSK1 is a pollen-expressed protein originally isolated through yeast two-hybrid screening
studies with Antirrhinum hispanicum against a pollen cDNA library, using AhSLF-S2 as bait
(Huang, Zhao, Yang, & Xue, 2006). In a later study, using GST-PhSSK1 pull-down assays it
was shown to also interact with CUL1 through its N-terminal and SLF through its C-terminal
(Zhao et al., 2010). This confirmed suspicions that SSK1 was an adapter protein that connects
SLF to CUL1 in the SCFSLF E3 Ubiquitin Ligase complex. Through knockdown studies, Zhao
(2010) was also able to demonstrate that SSK1 was an essential in the degradation of non-self SRNase.

1.6 Petunia Genome Project
Recently, through an international collaboration, the sequenced genomes of P. axillaris and
P. inflata have been published. This information has been stored as a multitude of scaffolds and
can be viewed publicly at the Sol Genomics Network (2016). Based on the sequence data, 29
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SLF genes in P. inflata and 20 SLF genes in P. axillaris have been identified, together
representing a total of 20 different SLF variants (Bombarely et al., 2016). Most of these are
functional SLF variants and many are linked on the scaffolds (Fig. 3). Most important in these
findings is that the S-RNase in the P. axillaris line, now designated as Sax1, used in the
sequencing has been found to be 100% identical to the S1-RNase in a P. hybrida line used in
current research (Malla et al., Unpublished). This finding along with the understanding that the
S-locus is suppressed for recombination suggests that the S-locus haplotype is identical in these
two lines.

1.7 Rationale for Project
Progress on investigating certain aspects of GSI function and mechanisms, has been
limited due to the lack of assembled and annotated genome and transcriptome sequences for
Petunia (Kubo et al., 2010). The overall goal of this project was to assemble a complete S-locus
region of P. axillaris. By identifying repetitive sequences and inverted repeats found in the Slocus, we can begin to understand why recombination suppression occurs here. Also, by
establishing the gene content, gene order, and linkage of the S-locus of the self-compatible P.
axillaris, we can compare this information to self-incompatible members of the Solanaceae
family, P. inflata, tomato (Solanum lycopersicum), and potato (S. tuberosum) giving us more of
an understanding of what genes and proteins are involved in self-incompatibility.
The actual order of the scaffolds within the published genome is unknown and scaffolds
range in size from 1000 bp to over 1 million bp and are composed of contiguous lengths of
genomic sequence and gaps. In this research, a 5X Bacterial Artificial Chromosomal (BAC)
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library of P. axillaris was screened for eight of the known SLF variants in the published genome
to determine whether any BACs encode multiple SLF variants. If a BAC clone contains several
different SLF variants not found on the same scaffolds in the published genome, this implies that
the BAC clone in question bridges the gaps between scaffolds. The identified BACs can then be
sequenced and aligned to the corresponding scaffolds of the current P. axillaris genome. Once
this has been done, any gaps in the assembly can then be identified and the library can be
rescreened with BAC-end or genomic DNA probes to fill them in. Finally, the BAC alignment
and scaffold information can be used to assemble a virtual S-locus and the S-locus can be
analyzed for identity and location of genes.
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2. MATERIALS AND METHODS

2.1 Plant materials and Plant Growth Conditions
Petunia axillaris plants were grown in the NIU greenhouse under ambient greenhouse
temperatures and with supplemental lighting as needed.

2.2 BAC library info
The 5X BAC library was created from the same P. axillaris line that has been sequenced.
Constructed by Cris Kuhlemeier’s lab at the Institute of Plant Sciences in Bern Switzerland, it
used the pCC1BAC vector, which features chloramphenicol-resistance as an antibiotic selectable
marker, an oriV high-copy origin of replication, and primer binding sites that allow for BAC-end
sequencing (Fig 10) (Epicentre, n.d.). This library consists of 55,296 E. coli colonies in 144 384well plates. Each colony harbors a vector plasmid of which individual digested components of
the P. axillaris genome have been inserted.
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Figure 10: Map of CopyControl pCC1BAC clone

2.3 Primary Colony Hybridization Screens
2.3.1 Colony Growth and Lysis
Colonies from the 5x BAC library were transferred from their original 384-well plates to
12.0 x 8.5 cm cut nylon transfer membrane (Magna) using a sterilized 384 pin replicating
device. The transfer membranes were then placed onto an LB medium with 12.5 µg/ml
chloramphenicol in a petri dish. They were incubated at 37°C for 24 hours to allow for growth.
Colonies were lysed on transfer membranes using a modified procedure found in
Current Protocols in Human Genetics (Ross, LaBrie, McPherson, & Stanton, 2001). They were
soaked in the following solutions respectively for five minutes each: 10% SDS, Lysis Buffer
(0.5 M NaOH), and Neutralization Buffer (1.0 M Tris Base, pH 7.4). Next they were placed in a
Binding Buffer (1.0 M NaCl, 0.5 M Tris Base, pH 7.4) for ten minutes. The bacterial cell debris
was then gently washed off in a Scrubbing Buffer (0.1% SDS in 2X SSC). The membranes were
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left to soak in a Wash Buffer (2X SSC) for 25 min and then placed in the Strata-linker
(Stratagene, La Jolla, CA, US) DNA side up on the auto setting. For storage, they were laid on
top of each other separated by a Kimwipe between each membrane, then wrapped in plastic
wrap inside of aluminum foil and then left at -20°C until use.

2.3.2 DNA Extraction
Approximately 0.1 g of Petunia axillaris leaf plant tissue was initially homogenized in liquid
nitrogen manually and using a Vertis mixer. The DNeasy Plant mini kit (Qiagen Inc., Valencia,
CA, USA) was used for DNA extraction per the manufacturer’s instructions. DNA
concentrations were then determined using a NanoDrop Spectrophotometer (Thermo Scientific,
Wilmington, DE, USA).

2.3.3 Amplifcation and Purification of Gene-Specific SLF Fragments from Petunia
axilliaris Genomic DNA
Eight primers were designed for amplifying the specific SLF genes to be used in
hybridization. These eight variants were chosen for the fact that they are all located on separate
scaffolds in the published genome. The SLF variants amplified were SLF 19_1, 19_2, 20 (the
largest nucleotide difference between the three is only 0.33% and one primer works for all three),
SLF 2, SLF 4, SLF 5, SLF6, SLF 8, SLF 16, and SLF 18. An S6-RNase primer designed by
Hanna Dunlap was used for amplification of S-RNase (Dunlap, 2016). Along with the primer
sequences, melting temperature, amplicon size, and gene size were determined for each (Table
1).
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An SLF-pDONR-Zeo construct for each variant was used as a positive control for each
reaction. One microliter was used of these constructs due to their large concentrations ranging
from 155.0 ng/μl to 1260.2 ng/μl. Five microliters of P. axillaris genomic DNA was used for the
sample to be amplified. The samples were initialized at 94°C 5 min, then went through 40 cycles
of denaturation (94°C for 1 minute), annealing (55°C for 2 minutes), and elongation (72°C for 3
minutes). A final elongation step at 72°C ran for an additional 10 minutes and the reactions were
then held at 4°C indefinitely. Ten microliters of each sample were then electrophoresed on a 1%
agarose gel to verify amplification.
The Wizard® SV Gel and PCR Clean-Up System (Promega Corp., Madison, WI, USA)
was used for PCR Purification of all PCR products, following the manufacturer’s instructions for
DNA Purification by Centrifugation. SLF 18 was eliminated and an S6-RNase PCR product
amplified by Hanna Dunlap was used at this point due to no amplification during PCR (Dunlap,
2016). The purified PCR products were then diluted to working stock concentrations of 25 ng/μl.
The purified SLF PCR results were then used as the probes in the hybridizations.
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SLF
variant

Fwd/
Rev

Sequence

Length

Tm
(°C)

SLF
19_1,
19_2, 20

FWD

GCAAAAGATGTTGGATGGGACCATAAAAGAATTGCC

36

62.5

REV

CCACCAAATCTTCTGTTGGCTCAGTAAACATTG

33

61.0

FWD
REV
FWD
REV
FWD

GCCTGAAGATGTGGTGATTTATATACTTTTAAGGCTGCCGG
CCAAGACTCACTAGCTCCATACTCCTCCATCATCC
GAGGCTTCCTGTGAAGTTACTCTTGCG
GGGTACCAAGCATTCCTTGTAAACTATAGCTCTC
CCACCTTCATCAATCTTCATCTCAATCGCACAACAACGG

41
35
27
34
39

64.2
63.9
60.9
60.9
64.9

REV
FWD
REV
FWD
REV
FWD

GTGACTCTCATACTTTCGGGACAACCG
GGCGGATGGAATTATCAAAAAGTTGTCCC
CCCTTCCAAACTGTTAATGGGGAGTCAATAAG
GACGTTGGATGGAATTATGAAACATTTGCCTG
GCATCCCCTTTTTGGAATGGAAATCAAGCTTTCC
CACCACCAACGATGATCTCATTCTTTTCAAACG

27
29
32
32
34
33

60.5
60.0
60.3
60.0
62.8
61.0

REV
FWD
REV

CTCCTTGCATTGATCTTTTGGAATTAAAGCCAAGC
GGATGGGACCATGAAGGAATTGCCCC
GCACCATTGTCATTTCTTGGAACCGGGG

35
26
28

61.4
63.5
63.5

SLF 2
SLF 4
SLF 5
SLF 6
SLF 8
SLF 16
SLF 18

Amplicon
size (bp)

Gene
size
(bp)

881

960

898

1167

1084

1212

967

1170

996

1179

1153

1176

997

1161

1119

1143

Table 1: Primer sequences for amplified SLFs along with primer length,
primer specific melting temp, expected amplicon size, and actual gene length.

2.3.4 Internal Standard for Hybridization
An internal standard was prepared to hybridize along with BAC samples to verify the
hybridization and labeling procedures and ascertain the sensitivity of detection. 10-fold serial
dilutions of each SLF PCR product and S6-RNase were made in an NaOH/ EDTA solution (0.4
M NaOH, 10mM EDTA). Dilutions ranged from the original 25 ng/μl samples to 0.25 pg/μl and
the four smallest concentrations were heated at 95° C to allow for denaturation and then cooled
on ice. They were then spotted onto a transfer membrane with drawn on columns designating
PCR products and wet in a solution of 2X SSC (Table 2). The membrane was placed in the Strata
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linker on the auto setting and then stored at -20°C until use. This internal standard was only used
during the first round of primary screens.
10^-2 (1.25 ng)
SLF19/20
SLF2
SLF4
SLF 5
SLF 6
SLF8
SLF 16
S6-RNase1

10^-3 (125pg)
SLF19/20
SLF2
SLF4
SLF 5
SLF 6
SLF8
SLF 16
S6-RNase1

10^-4 (12.5 pg)
SLF19/20
SLF2
SLF4
SLF 5
SLF 6
SLF8
SLF 16
S6-RNase1

10^-5 (1.25 pg)
SLF19/20
SLF2
SLF4
SLF 5
SLF 6
SLF8
SLF 16
S6-RNase1

Table 2: Concentration map of standards on nylon filter.

2.3.5 Colony Hybridiztion with Pooled Probes
Purified PCR Products were labeled with α-32P-dCTP probe using a Random Primer
Labeling Kit (Takara Bio, Mountain View, CA, USA) as per manufacturer’s instructions with
some modifications. The Takara procedure called for 10 ng – 1.0 μg of template be used.
However, it was determined that 40.0 - 50.0 ng template DNA would be sufficient (Ross et al.,
2001). Therefore, 2.0 μl from each sample were used. The S6-RNase sample originally only had
a concentration of 26.5 ng/μl, so only 1.80 μl was used. Two variants of SLF genes were
incorporated simultaneously so only four Eppendorf tubes were used (Table 3).
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Tube

1
2
3
4

SLF variants

Sample vol used (μl)

SLF 19/20
SLF2
SLF4
SLF5
SLF6
SLF8
SLF16
S6-RNase1

2.0
2.0
2.0
2.0
2.0
2.0
2.0
1.80

Table 3: Volumes of SLF/S-RNase PCR product used in labeling.

Hybridization was done using a modified procedure found in Current Protocols in Human
Genetics (Ross et al., 2001). Due to the large number of membranes being screened,
hybridization was done in two increments and 36 membranes were screened during each process.
To prepare membranes for hybridization, half of them were removed from the freezer. They were
chosen at random from membranes 1-72 for the first round, and for the second round they were
chosen at random from membranes 73-144.
Membranes were pre-wet by submerging them in 3X SSC in a glass baking dish without
being thawed. Twelve membranes were rolled up together and then placed into a hybridization
tube. One tube contained thirteen as to include the internal standard. Twenty-four milliliters of
pre-hybridization solution (50% formamide, 5X SSPE, 5X Denhardt’s, 0.5% SDS, 200 µg/ml)
was added to each tube and they were placed into the hybridization chamber for at least two
hours at 42° C. Probes were labeled at this time and unincorporated label was removed from
samples. After two hours, the pre-hybridization solution was poured off. The probes were heated
for five minutes at 95° C then cooled on ice, pooled together and then added to the hybridization
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solution (50% formamide, 5X SSPE, 1X Denhardt’s, 0.1% SDS, 100 µg/ml). Twenty-four
milliliters of hybridization solution with probes was added to each tube and they were placed
into the hybridization chamber at 42° C for approximately 84 hours.
To determine counts of incorporation, one microliter was removed from each labeled
probe before they were pooled together and added to hybridization tubes with membranes.
Ninety-nine μl of distilled sterilized water was added to the one microliter to make a 100-fold
dilution. Five μl of each sample was then applied as a spot onto two separate labeled Whatman
#1 filter paper circles and allowed to dry under a heat lamp for a few minutes. Samples were then
placed into eight clean 20 ml glass scintillation vials, with two being labeled with each sample of
1I, 2I, 3I, and 4I, and set aside. The unincorporated label was then removed using Wizard® SV
Gel and PCR Clean-Up System as per manufacturer’s instructions. The above procedure was
then repeated on the new product. These samples were then placed into scintillation vials, with
two being labeled with each sample of 1P, 2P, 3P, and 4P. Ten milliliters of scintillation fluid
was added to all the 16 sample vials and an empty one to be used as a blank for background. The
ionizing radiation (CPM) was counted in the scintillation counter. Incorporation was then
calculated for each of the samples. The average CPM of two vials containing the same sample
was taken.
After 3.5 days, the hybridization solution was poured off and 50.0 ml of Low Stringency
Wash Solution (2X SSC, 0.2% SDS) was added to each tube. The membranes were placed back
in the hybridization chamber for 30 minutes at 65° C. The wash solution was then poured off and
the wash was repeated one time. The membranes were scanned using a Geiger counter to verify
that the CPM was less than 500. Approximately 75.0 ml of 3X SSC was then added to each
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hybridization tube. The tubes were inverted and shaken to cover all the membranes. The 3X SSC
was then decanted into a large glass baking dish and the membranes were gently removed into
the dish as well.
Membranes were then arranged DNA side up on blank, developed X-ray film, covered
with saran wrap, and placed into X-ray cassettes. Working in complete darkness, undeveloped XRay film was placed on top of membranes and cassettes were sealed. Film was placed at -80° C
to be exposed. After 3.5 days, the film was developed and then put on the light box to view
positive hybridizations.

2.4 Secondary Colony Hybridization Screen
Positive clones from primary screens were transferred from the original 394-well plates to
96-well plates. Two 96-well plates were used and labeled as SS1 (secondary screen plate 1) and
SS2 (secondary screen plate 2). The wells were filled with 60 μl of LB medium with 12.5 µg/ml
of chloramphenicol and 6 μl 10X Freezer buffer (.5 M K2HPO4, .1M KH2PO4, .02M Na3-Citrate,
.01M MgSO4, .07M(NH4)2SO4, 40% glycerol). Using a sterilized toothpick positive clones were
transferred into their respective wells in the 96-well plate. Growth and lysing of colonies,
labeling of probe, and hybridization for secondary screen followed the same procedures as the
primary screen using two membranes for each plate for reproducibility.
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2.5 BAC/SLF Screens
2.5.1 Transfer of Positive Clones from Secondary Screen
Positive clones from secondary screens were transferred to a 96-well plate using the same
procedure to transfer positive clones during secondary screen. The clone’s new designation along
with duplicate and original library information is given (Table 4).

2.5.2 Construction of Glycerol Stocks
Positive library clones were plated using 10 µl from each sample and doing a three-way
streak onto an LB medium with 12.5 µg/ml CAM. Plates were left to grow at 37°C for 24 hours.
One colony from each plate was then transferred to 3.0 ml LB medium with 12.5 µg/ml
chloramphenicol in a 16 x 100 mm tube. Colonies were left to grow at 37°C with aeration (250
rpm) for 16 to 20 hours. Five hundred microliters were taken from each overnight culture and
added to 125 µl of sterile 80% glycerol, mixed well, and then stored at -80 C. This was repeated
five time for each sample.

2.5.3 Extraction of BAC Plasmids
2.5.3.1 Isolation of Colonies
A small amount of each sample was scratched off the top of glycerol stocks and added to
5.0 ml TB medium with 12.5 µg/ml chloramphenicol in a 16 x 100 mm tube. Colonies were left
to grow at 37°C with aeration (250 rpm) for 16 to 20 hours. To allow for large growth of
cultures, 1.0 ml of overnight culture was then inoculated into 100 ml of TB medium with 12.5
µg/ml chloramphenicol in a 500 ml Erlenmeyer flask (Lee, 1990). Colonies were left to grow
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overnight at 37°C with aeration (200 rpm). Finally, 25.0 ml from each large growth culture was
transferred into a sterilized Oakridge tube. This was centrifuged in Sorvall centrifuge (ThermoFisher) at 25000 x g for 5 min at 4°C. This was repeated three more times until all 100 ml had
been pelleted. Pellets were stored at -20°C.

2.5.3.2 BAC Plasmid Extraction
BAC DNA was purified using a modification of the alkaline lysis procedure (Maniatis,
Fritsch, & Sambrook, 1982). Large growth pellets were resuspend in 4.0 ml solution I and placed
on ice for 5 min. Eight ml of lysis solution were then added, samples mixed thoroughly, and
incubated on ice for 5 min. Next, 6.0 mL of 3M potassium acetate were added then left to
incubate at -80°C for 5 min. Samples were thawed, then centrifuged at 12000 x g for 15 min and
the supernatant was transferred to a new Oakridge tube. Nine mL of room temperature
isopropanol was added, mixed, incubated -80°C for 15 min, then centrifuged at 12000 x g for 10
min. The supernatant was poured off and air-dried. Pellets were resuspended into 1.0 ml of TE
and separated into two 1.5 ml Eppendorf tube each containing 500 μl. One tube was stored at 20°C and the other was used to continue with the extraction. A 1:1 phenol: chloroform mixture
was added at 1X the volume and mechanically mixed for at least one hour. Sample was
centrifuged at 21000 x g and the top layer volume measured and transferred to a new tube.
Ethanol precipitation was carried out using 0.1 volume 3M sodium acetate, 2x volume 95%
ethanol and left to precipitate overnight at -80°C.
The next day, samples were removed from the freezer and centrifuged for 15 min at
21000 x g. Supernatant was poured of and pellet left to dry. Pellet was dislodged using 500 ul
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70% ethanol and centrifuged for 5 min at 21000 x g. Supernatant was poured off and pellet was
vaccume dried. Three hundred microliters of resuspension solution was added and incubated at
37 C for 1 hour to digest RNA. Chloroform was added at 1X the volume and mechanically
mixed for at least one hour. The samples were centrifuged at 10000 x g and the top layer volume
measured and transferred to a new tube. Another ethanol precipitation was carried out using the
same volumes and left to precipitate overnight at -80°C.
On the final day, samples were removed from the freezer and centrifuged for 15 min at
21000 x g. Supernatant was poured of and pellet left to dry. Pellet was dislodged using 500 ul
70% ethanol and centrifuged for 5 min at 10000 x g. Supernatant was poured off; pellet was
completely dried in the speed vac and pellet was resuspended in 50 μl of sterile water. Dilutions
were made to 1/1000 the original sample and a concentration of the 1/1000 dilution was taken
using the Nanodrop Spectrophotometer. Using that concentration, calculations were done to
determine the concentration of the original sample. Finally, using the original sample, 20 μg/ul
were made as working stocks.

2.5.4 BAC Digestions
BAC digestions were completed using 5.0 μl (10 μg) from each 20 μg/ul BAC sample, 2.0 μl
10X BSA, 2.0 μl 10X Buffer H, 1.0 μl 10 U/μl EcoRI, and nuclease-free water to a final volume
of 20 μl per digestion reaction. Samples were left to digest for at least at 37°C then reaction was
stopped by placing them at 65°C for five minutes to inactivate the RNase. They were placed on
ice and then electrophoresed on a .6% agarose gel with negative controls lacking EcoRI using a
Lamda Hind III Digest as a ladder.
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2.5.5 BAC plasmid/SLF Screens using PCR
Extracted BAC samples were diluted to a working stock at 1.0 ng/µl. Primers for the SLF
variants SLF 19_1/ 19_2/ 20, SLF 2, SLF 4, SLF 5, SLF6, SLF 8, and SLF 16 were compared
against each positive BAC samples to determine if the corresponding SLF variant was present.
One nanogram of plasmid from each BAC clone was used as template DNA and amplified
against each of the primers (Primer Digital, n.d.). P. axillaris genomic DNA was used as a
positive control for each reaction and a negative control not containing any DNA was also
amplified. An annealing temperature of 55° C was used for 40 cycles on all samples. Ten
microliters of each sample were then electrophoresed on a 1% agarose gel to verify
amplification.

2.6 Bioinformatics
Using information from published the published P. axillaris genome, scaffolds including
SLF variants were annotated (Table 4) (Malla, 2013; “Sol Genomics Network,” 2016). The
name, type, description, size, location, and if a gene was on the positive or negative strand
was noted. FASTA sequences for each gene were also saved in a file corresponding to the
scaffold on which they were located.
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Scaffold
70
172

326

336
426
671
715
1162
1310
1394
1590
3085
75437

SLF
Variant

Scaffold
Size

SLF Variant
Coordinates

SLF2
SLF6
SLF14
SLF1
SLF3
SLF12
SLF8
SLF13

1471679
1583766
1583766
940666
940666
940666
940666
940666

699640-700806
619079-620257
708846-710139
508809-509978
596118-597275
531044-532225
464377-465552
686239-687402

SLF10

1804933

636123-637262

S-RNase

1804933

449226-450052

SLF11
SLF4
SLF18
SLF1
SLF16
SLF15
SLF15
SLF20
SLF19_2
SLF5
SLF19_1

634794
726586
726586
718562
482111
482111
413452
65038
192725
28205
1274

185428-186405
152315-153526
549469-550611
578400-579572
154759-155919
154759-155919
331303-332496
63647-64564
30722-31882
6171-7340
113-1273

Table 4: Information regarding scaffolds that contain the different SLF variants.
Saxi-RNase is also included. SLF coordinates are specific for scaffold.
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3. RESULTS

3.1 Primer Design
Primers were originally designed to amplify more than one SLF variant, 17 variants were
aligned together to produce the most efficient primers (“Clustal Omega < Multiple Sequence
Alignment < EMBL-EBI,” V1.2.4). Five groups of similar variants were found and primers
using mixed base pairs were designed (Fig 11). Of those, two groupings SLF 19_1/ 19_2/ 20 and
SLF 1_1/ 1_2 had identies of 99% and 98% respectively. However, when PCR was performed
using P. axilliaris genomic DNA no amplification occurred. SLF 19_1/ 19_2/ 20, SLF 2, SLF 4,
SLF 5, SLF6, SLF 8, SLF 16, and SLF 18 were then chosen to create new primers since they
were all located on different scaffolds (Table 1). An S6-RNase primer, created by Hanna Dunlap,
was used to screen for Scaffold 336 (Dunlap, 2016).

Figure 11: Phylogentic
tree showing SLF
alignments. Five
different groups are
outlined.
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3.2

Amplifcation and Purification of Gene-Specific SLF Fragments from P. axilliaris

Genomic DNA
PCR was performed using the above primers with an annealing temperature of 55°C for
40 cycles. Samples using attB primers were used as a positive control (results not shown). PCR
products were electrophoresed on a 1% agarose gel at 20V overnight. Amplification was seen for
all samples except SLF 18 and the S6-RNase. PCR and electrophoresis were performed a second
time to verify results (Fig. 12).

B

A

Figure 12: Figure 12: Gel images of P. axillaris genomic DNA amplified by different SLF primers. Amplicon
size should range between 880 bp and 1150 bp. A) Results of SLF 19/20, SLF2, SLF4, SLF5, SLF6 show
predicted amplicon size products. B) Results of SLF 8 and SLF 16 show predicted amplicon size products. SLF
18 and S6-SRNase show no amplification and an unusually small amplicon, respectively.

3.3

Primary BAC Hybridization Screen
The BAC library consisted of 55,296 E. coli colonies and of those, 28,042 were screened

through hybridization using purified SLF PCR products labeled with α-32P-dCTP as probes.
Hybridized membranes were exposed to undeveloped X-Ray film. After the films were
developed, 116 clones appeared to contain SLF or S6-SRnase genes (Figs. 13 – 19). Once
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possible positive hits had been determined, they were transferred to two 96-well plates to be used
for the secondary BAC hybridization screen (Table 5).

Figure 13: First film from primary screen with twelve random membranes. Circled spots represent possible
positive clones.
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Figure 14: Second film from primary screen with twelve random membranes. Circled spots represent possible
positive clones.
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Figure 15: Third film from primary screen with twelve random membranes. Circled spots represent possible
positive clones.
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Figure 16: Fourth film from primary screen with twelve random membranes. Circled spots represent possible
positive clones.
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Figure 17: Fifth film from primary screen with twelve random membranes. Circled spots represent possible
positive clones.
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Figure 18: Sixth film from primary screen with twelve random membranes. Circled spots represent possible
positive clones.

Figure 19: Final film from primary screen with
one membrane. Circle represents positive clones.

Table 5: Destination of possible positive clones in 96-well plate. Numbers represent: Library well plate:(well row, well column)
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3.4

Secondary BAC Hybridization Screen
The 116 positive clones from the primary screen were then rescreened using the same α-
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P-dCTP as probes to verify results. Of the 116 primary screen results, 25 still appeared to

contain the SLF variants being screened (Fig. 20). Positive clones from the secondary screen
were transferred to a plate of their own and designated a new number (Table 6).

Figure 20: Four filters showing showing 25 clones positive for SLF genes. The two filters on the right are two
different filters testing the first 94 positive clones from the primary screen and the two on the left are two
different filters testing the last 22 positive clones from the primary screen. The dark circles represent where the
α-32P-dCTP labeled SLF genes hybridized with Petunia DNA found in the BAC clone.
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Table 6: List of new designations of positive clones to be used for extractions and specific SLF screens.
Column two, Duplicate Plate Well Number, is the location of the BAC clone in the new plate. Column three,
Library Plate (Well), is the location of the BAC clone in the actual library.
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3.5

BAC Digestion
After BAC plasmid extractions were finished, products were digested using EcoRI to

verify that a plasmid insert was present. EcoRI is known to have only one restriction site in the
pCC1BAC plasmid, so any other cleavage sites would be in the insert. Results were
electrophoresed on a 0.6% gel and used a Lamda Hind III digest as a ladder. BAC clone 23, was
discarded due to transfer issues during the growth phase. All extractions exhibited multiple
digestions when in contact with EcoRI and no digestions in negative control verifiying inserts are
in all the clones (Figs 21-23).

Figure 21: BAC digestion of BAC samples 1-8. Numbers above wells indicate BAC sample and p/n represents
positive (sample including EcoRI) or negative (sample with no EcoRI). Large band under negative indicates
that no digestion has occurred. Smaller bands/smears under positives indicate multiple digests have occurred.
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Figure 22: BAC digestion of BAC samples 9-16. Numbers above wells indicate BAC sample and p/n represents
positive (sample including EcoRI) or negative (sample with no EcoRI). Large band under negative indicates
that no digestion has occurred. Smaller bands/smears under positives indicate multiple digests have occurred.

Figure 23: BAC digestion of BAC samples 17-25, excluding 23. Numbers above wells indicate BAC sample and p/n
represents positive (sample including EcoRI) or negative (sample with no EcoRI). Large band under negative indicates
that no digestion has occurred. Smaller bands/smears under positives indicate multiple digests have occurred.
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3.6

BAC plasmid/SLF Screens using PCR
Each SLF was amplified against the 24 BAC samples that were left. Results were as

expected with variants being found scattered around on different clones (Figs. 24 – 29) and no
amplification with SLF 16 (data not shown). A table was made to visually see if any BACs
contained multiple SLF variants (Table 7).

Figure 24: Screen using SLF 2 primer. BAC 24 had strong amplification. BAC 1 had medium
amplification. BACs 8, 9, 12, 15, 16, and 18 had slight amplification.
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Figure 25: Screen using SLF 4 primer. BACs 15 and 18 had strong amplification.

Figure 26: Screen using SLF 5 primer. Strong amplification occurring with BAC 2.
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Figure 27: Screen using SLF 6 primer. Strong amplification occurring with BACs 4, 6, and 16.

Figure 28: Screen using SLF 8 primer. Strong amplification occurring with BAC 15.
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Figure 29: Screen using SLF 19_1, 19_2, & 20 primer. Strong amplification occurring with BACs 3, 12, 14, and
24.
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SLF 2

SLF 4

SLF5

SLF 6

SLF 8

SLF 16

Scaffold

70

671

3085

172

326

1162

primer #s
BAC 1
BAC 2
BAC 3
BAC 4
BAC 5
BAC 6
BAC 7
BAC 8
BAC 9
BAC 10
BAC 11
BAC 12
BAC 13
BAC 14
BAC 15
BAC 16
BAC 17
BAC 18
BAC 19
BAC 20
BAC 21
BAC 22
BAC 24
BAC 25

74, 75

76, 77

78, 79

80, 81

82, 83

86, 87

SLF 19/20
75437
1590
1394
72, 73

Table 7: Visual representation showing which BAC clones contain multiple SLF variants. BAC 12
and BAC 24 contain SLF 2 and either SLF 19_1, 19_2, and 20. BAC 15 contains SLF 2, SLF 4,
and SLF 8. BAC 16 contains SLF 2 and SLF 6.

3.7

Bioinformatics
Identified on the 13 scaffolds were 118 total genes. These included the 20 SLF variants,

the one Saxi-RNase, 61 proteins with other functions, and 36 genes for unknown proteins.
Representative data from Scaffold 326 can be seen in Table 8.

Table 8: Representative data from annotation of Scaffolds containing SLF Variants. Gene
information found on Scaffold 326 can be seen here. Shading indicates S-locus genes.
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4. Discussion

The overall goal of this project was to map the entire S-locus. For this to occur, a BAC
library containing inserts with P. axillaris DNA needed to be screened for SLF variants located
on different scaffolds of the published genome. If one BAC clone is found to contain multiple
SLF variants located on different scaffolds, this is an indication that the scaffolds containing the
variants are near each other. The identified BACs can then be sequenced and aligned to the
corresponding scaffolds of the current P. axillaris genome. This will allow for any gaps in the
assembly to be identified. The BAC library can then be rescreened with BAC-end or genomic
DNA probes to fill these gaps in. Lastly, a virtual S-locus can be assembled.

4.1 Amplification of Gene-Specific SLF Fragments from P. axi Genomic DNA
The first step in all of this was to create probes to be used in hybridization. Eight specific
SLF variants were amplified for such use. Amplification was seen for all SLF samples except
SLF 18 (Fig. 11). However, the SLF 18 positive control produced results, so it was assumed that
there was a design flaw with the primer. To verify the primer was designed with the correct
sequence, BLASTn (Altschul et al., 1990) was run against both forward and reverse primers to
the P. axillaris genome at the Sol Genomics Network (2016). Both primers came up with 100%
matches in their respective locations to the SLF 18 gene on scaffold 671. Due to the lack of
amplification, SLF 18 was abandoned as SLF 4 was on the same scaffold.
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Very little amplification occurred with the S6-RNase primer. When P. inflata DNA was
used as the positive control for S6-RNase, some amplification occurred both times it was used.
Yet due to the low amplification obtained, this product was discarded and a PCR product from
previous research was used.

4.2 Primary BAC Hybridization Screen
28,042 BAC colonies were screened out of 55,296 colonies through hybridization using the
purified SLF PCR products labeled with α-32P-dCTP as probes. Hybridized filters were exposed
to undeveloped X-Ray film. After the films were developed, 116 clones appeared to contain SLF
or S6-SRnase genes (Figs. 12 – 17; Table 12).
The films were viewed and positive hybridization signals were noted. Due to the fluctuation
between brightness of spots, some actual hybridized clones could have been missed whereas
some false positive signals could have been recorded as actual hybridizations. Also, to determine
the well in which a clone was located, an unused well-plate had to be lined up to the spots.
Unforunately, sometimes the spots didn’t always line up exactly to the well plate and this caused
some difficulty in determining which well contained the positive clone. To compensate for spots
that appeared between wells, all surrounding wells were counted as positive in the primary
screen.
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4.3 Secondary BAC Hybridization Screen
The 116 clones that had been chosen as positives from the primary screen were then
rescreened using the same SLF Variants as probes to verify results. Of the 116 primary screen
results, 25 still appeared to contain the SLF variants being screened (Fig. 18). The transfer tool
used to spot the filters for the screens had larger tines, which did make positive hybridizations
easier to resolve. However, the spots that did hybridize produced stronger signals, which made
some of them overlap. Again, this allowed for false positives to be chosen, because it was better
to choose more clones and have them not amplify during the SLF screen than to forgo a clone
that would produce amplification. However, after the fact, it does appear that some positive
clones from the secondary screen may have not been chosen for additional screening.

4.4 BAC Extractions and Digestion
Finding the perfect procedure for BAC extraction was difficult. Digestions of original
extractions gave conflicting results. Samples were remaining in the well and not travelling,
making it appear that there may have been some glycoprotein contamination. Nanodrop readings
were also not as expected. After many extraction attempts using the alkaline lysis procedure,
precipitations steps were changed from -20°C for 15 minutes to overnight at -80°C. producing a
three-day process appeared to give the best results. However, Nanodrop readings were
unexpected. Dilutions of extraction products were made and separated by gel electrophoresis. It
appeared that a 1/10 dilution of the original sample produced the optimal amplification, but the
concentrations were too high to get an accurate concentration reading. However, the 1/1000
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dilutions produced concentration reading that could be used even though amplification was not
optimal (results not shown). With this information, the concentration of the original samples
could be calculated using the 1/1000 dilution concentration. This allowed for all samples to be
brought to the same working conentrations to allow for more accurate digestion and screening
results.
With a known concentration of 20 µg/µl, products could be digested using 1 unit EcoRI:
1 µg sample to verify that plasmid insert was present. Yet, this was still a high concentration
when most digestion procedures call for 1 µL DNA at a concentration of 1 µg/µL, therefore it
was determined to use 10 µg of plasmid to 10 U of enzyme.
Since EcoRI is known to have only one restriction site in the pCC1BAC plasmid, it was
known that any other cleavage sites seen would have to be in the insert. All extractions except
BAC 9 exhibited multiple products when EcoRI was added and no digestions when there was no
EcoRI, which demonstrated that inserts were in all the clones (Figs 19-21). The results for BAC
9 showed excessive smearing for both positive and negative results, most likely due to an
overloading of the sample in the gel.

4.5 BAC plasmid/SLF Screens using PCR
To determine which SLF variants were in which BAC clones, PCR amplifications were
performed for all of the plasmids using the original SLF primers. Each primer was amplified in
its own separate reaction and conditions remained constant for each SLF. Results were as
expected with variants being found scattered on different clones (Figs. 22 – 28) or not being
amplified at all. A table was made to visually see if any BACs contained multiple SLF variants
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(Table 7). Some variants (SLF 2, SLF 4, SLF 6, and SLF 19_1/ 19_2/ 20 appeared on more than
one BAC clone.
SLF 2 had the greatest number of positive results showing amplification on eight BACs.
However, of those amplifications, seven had medium to low amplification (Fig, 22). To verify
that the primers weren’t amplifying to something other than SLF 2, a BLAST search was done
on them against the entire P. axillaris genome. Results of the forward primer showed that it also
aligned with a portion of SLF 3 as well as SLF 2, however, the reverse primer only aligned with
SLF 2. An NCBI BLASTn search was then performed on both the forward and reverse primers,
giving the same results. These results suggest that even though amplification strength is
different, since the bands are all approximately the same size they are all still SLF 2.
The SLF 19_1/ 19_2/ 20 primer also had amplification on more than one BAC.
Unfortunately, since there is 100% identity between 19_1 and 19_2 and 99.67% identity between
20 and the two 19 variants, the scaffold that each BAC is linked to is unknown. Which SLF
variant each BAC is linked to will be determined when alignment between the BACs and
published genome occurs.
BACs 12, 15, 16, and 24 all have more than one SLF variant linked to them. This shows
which scaffolds are near each other. According to the data, scaffold 70 is located near 172, 326,
671, and one or more of 1394, 1590, and 75437. Scaffolds 70, 172, 326, and 671 are all some of
the longer scaffold, with 671 being the shortest of the three at 726,586 bp. Scaffolds 1394, 1590,
and 75437 are three of the shortest scaffolds being 65,038 bp, 192,725 bp and 1,274 bp in length
respectively. SLF is located almost in the middle of Scaffold 70. Hypothetically, looking at the
different sizes of these scaffolds and in trying to put some order to them, most likely Scaffold 70
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could be found in the middle with the smaller scaffolds flanking it on either side with the larger
scaffolds on the outside of those. However, this cannot be verified until the BACs are sequenced
and an alignment has been done between the published genome and the BACs themselves.
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5. CONCLUSIONS

To assemble a complete S-Locus, many steps had to be done. The P. axillaris BAC
library had to be screened using hybridization techniques and the results from that screened using
PCR. In this research, 4 BAC clones in the P. axillaris library have been found to house multiple
SLF genes, which puts different scaffolds from the published genome in proximity to each other.
Both BAC 12 found in library plate 102:(20, J) and BAC 24 found in library plate 144:(12, O)
both have SLF 2 and one or more of SLF 19_1, 19_2, or 20 located within their inserts. BAC 15
found in library plate 128(12, E) has SLF 2, SLF 4, and SLF 8 located within its insert. BAC 16
found in library plate 133(12, G) has SLF 2 and SLF 6 located within its insert.
The next step in this process would be getting clones with positive hits sequenced. With
this information, sequenced BAC clones can be aligned to their corresponding scaffolds and
placed on their own assembly. Then any gaps in the assembly can then be identified and the
library can be rescreened with BAC-end or genomic DNA probes to fill them in. Finally, the
BAC alignment and scaffold information can be used to assemble a virtual S-locus and the Slocus can be analyzed for identity and location of genes.
By determining the structure and organization of the S-locus, scientists can begin to
understand how it is possible that P. hybrida and P. axillaris have S-loci that are 100% identical,
yet display different phenotypes. This can be done by observing the similarities and differences
of the gene content, gene order, and linkage of the P. axillaris S-locus to that of other members
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of the Solanaceae family which will help in determining if there any other proteins encoded at
the S-locus that are involved in GSI that are yet unknown. Lastly, knowledge can be gained on
why recombination suppression occurs at the S-locus by finding where the repetitive sequences
and inverted repeats are.
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